shows just such plots for the luminance and for the two Summary chromatic signals for the garden scene of Figure 1A . It is clear that the slopes (␣) are very similar for the three The human visual system shows a relatively greater graphs, though it should be noted that the magnitude of response to low spatial frequencies of chromatic spathe amplitude in the red-green signals was considerably tial modulation than to luminance spatial modulation less than in the blue-yellow signal (the luminance has [1]. However, previous work [2, 3] has shown that this to be plotted on a different scale). Since human color differential sensitivity to low spatial frequencies is not vision is biased more toward low spatial frequencies reflected in any differential luminance and chromatic than is luminance vision, we might have expected the content of general natural scenes. This is contrary to spectral slope of the chromatic spatial signals to be the prevailing assumption that the spatial properties steeper than that of the luminance signal, given that a of human vision ought to reflect the structure of natural steeper spectral slope gives a greater weight to low scenes [4-6]. Now, colorimetric measures of scenes spatial frequencies. The failure to find such an effect for suggest that red-green (and perhaps blue-yellow) the scene in Figure 1A confirms the earlier study of color discrimination in primates is particularly suited Pá rraga et al.
these researchers. Figure 2B shows plots of the Fourier cal grasping distance. This implies that the red-green amplitude spectra of the luminance and the two chrosystem is particularly suited to encoding both the spamatic spatial signals of the closeup image of the ripe tial and the chromatic structure of such scenes.
tomato of Figure 1B . It is indeed clear that the spectral slope (␣) of the red-green spatial signal is now steeper Results and Discussion than those of the luminance or blue-yellow spatial signals; the total amplitude for the red-green signal is, not surpris- Figure 1 shows two very different examples of photoingly, much greater than for the general garden scene. graphs of natural scenes; Figure 1A shows a landscape Figure 3 shows the generality of our finding that the view of a British garden, and Figure 1B shows a closeup amplitude spectrum of the red-green spatial signal is of a single ripe tomato seen against foliage. We calcusteep for closeup images of reddish objects viewed lated how the human L, M, and S (for long-, medium-, against foliage. Figure 3A plots the ratio between the and short-wavelength-sensitive) cones would have respectral slopes obtained for the luminance spatial signal sponded at each point in each of the scenes, and we and the red-green spatial signal for each scene as a then calculated the spatial form of the luminance signal function of how many "red" pixels (in %) there were in the scene (see the Experimental Procedures for a definition of a "red" pixel). It can be seen that the results Note that the luminance and chromatic representations have been scaled in order to maximize the available dynamic range. In fact, the redgreen representation in (A) actually has much less amplitude than shown. In (B), the variability of color and brightness within the background of leaves is removed, making the uniform red tomato pop out. Note that the divisive term in the calculation of the red-green and blue-yellow representations means that the pixel values range between Ϫ1 and 1, while the scaling factor for the luminance representation is essentially arbitrary.
for all scenes follow a similar trend and are differentiated istics of blue-yellow color vision in primates. For example, it is possible that low sensitivity to high blue-yellow on the basis of red pixel content (note that scenes consisting of a background of foliage and a reddish object spatial frequencies is a consequence of chromatic aberration in the eye and/or the sparse array of short-wave such as fruit appear on the right side of the graph, while scenes of landscapes with no red objects appear on sensitive cones (see Conclusions). If the human contrast sensitivity function (csf) is optithe left). The important predictor of slope ratio appears to be the proportion of red pixels on the leafy backmized to match the spatial frequency content of natural images, then we should find that chromatic images contain ground. In general, the spectral slope of the red-green signal is greater than that of the luminance signal whenmore low spatial frequency amplitude than luminance images, or in other words, that the ratio (␣ lum /␣ chrom ) should ever the scene contains many red pixels. When those red pixels are grouped together to represent a single be less than unity. We calculated the optimal value for this ratio, assuming optimal capture by the contrast senobject (like Figure 1B) , the slopes of the spectra are especially steep and the slope ratio deviates most from sitivity functions [1]. This optimal value is around 0.76 (see the Experimental Procedures). Figure 4 plots the unity. When the pixels are clustered into several groups, representing several distinct fruits, the slopes of the ratio of the spectral slopes (for the luminance image and the red-green chromatic image) against the distance of amplitude spectra are not as steep, but the slope for the red-green signal is always steeper than for the other the main objects in the scene from the camera. It is clear that the distant scenes like Figure 1A have slope two signals.
In contrast, Figure 3B shows that the spectral slope ratios around unity, but close views of red objects against foliage have lower slope ratios. The ratio matches the of the blue-yellow spatial signal does not differ systematically from that of the luminance signal. There is no calculated optimal value for the human csf at a viewing or grasping distance of about 0.4 m. This estimate does evidence in this set of images to suggest that there is any advantage in the bias of the human blue-yellow require some assumptions and would be influenced, for instance, if we had taken images with a different focal system to low spatial frequencies. There may be other constraints on the development of the spatial characterlength of camera lens. However, our estimate of 0.4 m . The squares correspond to scenes with no presence of "red" pixels (i.e., they are plotted on the y axis). The line in (A) represents the approximate data trend and reflects the fact that the average ␣ lum /␣ chrom slope ratio for normal scenery is about 1.1 (see Table S1 ). Table S1 shows the numerical means and standard deviations of the slope ratios. Note that there is a tendency for the slope ratio to fall with increasing proportion of red content for the red-green images (A), but not for the blue-yellow images against the proportion of blue content (B). A high red content indicated the presence of fruit or a similar object. will be close to the distance at which the human redthe blue-yellow image does not provide a uniform background, possibly since shadow regions have indirect green spatiochromatic system will be optimized for identifying red or yellow fruits against foliage.
illumination from skylight (which is blue), but also because green leaves differ in their blueness [10]. This Although our stimuli were pictures of fruit and leaves obtained in England, and not in a forest in which primate behavior of the blue-yellow system implies that it is not optimized for detecting objects in foliage. Many quescolor vision and relevant vegetation are thought to have coevolved, a wide variety of types of scenes can match tions remain. For example, the human blue-yellow system also has a low-pass transfer characteristic, and yet the human contrast sensitivity data well. For this reason, we believe that this pattern of results would extend to this seems to have little connection with the efficient detection of fruit or any other target that we have discovany similar imaging situation, be it located in another garden or in a relevant forest. This also implies that ered. It may be that there is a different class of images that will reveal similar optimization of the blue-yellow we cannot argue for the optimality of encoding of any particular type of reddish or yellowish object on a leafy system, or there may be other constraints on the spatiochromatic properties of this system, such as the sparse background; any such object would do just as well, whether it be a red fruit [7-9], a reddish human face, or sampling by the mosaic of short-wavelength-sensitive cones in the retina, which may be related to the fact a leaf that is more yellow than the rest [10]. Thus, these results do not specify exactly which kinds of images that short wavelengths are out of focus on the retina due to chromatic aberration. We have not investigated and tasks were associated with the evolution of color vision in primates. We simply find that human (and prethese issues here. We suggest that a reasonable, although clearly tentative, conclusion from the present sumably other primate) color vision is efficient at encoding images of reddish or yellowish fruit, viewed up close, work is that the spatiochromatic properties of the redgreen system of human color vision may be optimized against a leafy background. It may be that (as with the sampling of blue light) the low-frequency bias of the for the encoding of any reddish or yellowish objects on a background of foliage, at relatively small viewing red-green system has been determined by factors such as chromatic aberration, but we find that such a bias distances. would not disadvantage a foraging primate, and it might even aid the task of picking ripe fruit or leaves.
Experimental Procedures

Obtaining the Images
Conclusions
We carefully calibrated a digital camera (Nikon Coolpix 950) so that Our results therefore suggest that it is the red-green 
